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Objective: Toinduce hair follicle regeneration in rat ear
by microencapsulated dermal papillae (DP) cells.
Methods: Intact dermal papillae were obtained from
human scalp follicles which were digested with collagenase I.
The human hair DP cells were encapsulated with alginate-
polylysine-alginate (APA) by a high-voltage electric field
droplet generator. The diameters of the DP cell microcapsules
were optimized by regulating the voltage, the distance be-
tween the needle head and the solution surface and the
injection speed. Then DP cell microencapsulations were
xenotransplanted into ears of20 SD rats with a novel method.
One rat was killed every week at the postoperative 2-12
weeks and the implantation sites were biopsied for histo-
logical observation.
Results: The DP cell microencapsulations were found
in a group of round, smooth and transparent microcapsules
under a phase-contrast microscope. The optimal combina-
tion of parameters to obtain 0.4 mm DP cell microcapsules
was voltage 7.0 kV, injection speed 55 mm/h, and distance 10
mm.After 4-12 weeks, 18 of20 DPcell microcapsule implan-
tations had produced high-density hair. Histological obser-
vation indicated that both large follicles and sebaceous
gland structures were formed in the rat ear within 3-12 weeks.
Conclusions: These findings show that the DP cell
microencapsulation maintain the capacity for initiating the
follicle regeneration and can be considered as a substitute
for fresh isolated dermal papillae.
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The postnatal hair follicle appears to retain thecapability for reciprocal interactionsbetweenhairepithelial cells and dermal papilla (DP) cells,
similar to the embryonic hair follicle. The hair growth
cycle is under the ultimate control of the DP. Accord-
ing to Oliver and his colleagues,1-5 it has been demon-
strated that the DP must be present for regeneration of
the hair follicle and the cells from the dermal sheath
serve as a source of a new papilla. In a series of
experiments, it showed that the removal of DP from the
base of a rat whisker (vibrissa) caused cessation of
hair follicle growth and implantation of DP stimulated
the growth of generations of whiskers. DP cells were
alsocapableof inducingfollicleformationwhenimplanted
elsewhere, with the hair type specificity being deter-
mined by the source of the DP.6-9
To better understand the interactions between
keratinocytes and DP cells, researchers have cultured
DP cells and proved that cultured DP cells sustain their
original ability to elicit hair growth at early passage
number.11-12 At the same time, the problem of “why cul-
tured DP cells lost their ability to induce hair growth”
was addressed by Jahoda et al13,14 and Inamatsu et al.16
They revealed several notable features of cultured DP
cells: the cells are flat and polygonal, and they tend to
form multilayered aggregates due to their highly adhe-
sive property. They suggested that if the cultured DP
cells sustained features of multilayered aggregates,
they would have the inductive ability to elicit hair growth
from follicular and afollicular keratinocytes.15-17
Although transplantation of dermal papillae could
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be one of the most promising treatments for baldness,
the lack of DP with inductive properties still remain as
major obstacles. It has been known that follicle forma-
tion occurs only once in the lifetime of an individual, so
a mammal is born with a fixed number of follicles, which
does not normally increase thereafter.
In thisstudy, lower passagesof DP cellswereenclosed
with alginate-polylysine-alginate (APA) microcapsulations,
and then the DP cell microcapsulations were implanted
into the ear of SD rats to verify the inductive properties of
them.
METHODS
Animals
A total of 20 SD rats, (3-6 months old, equal num-
bers of males and females) were obtained from the
AnimalCenter of Research, MedicalCollege of Shantou
University, China. All experiments were approved by
the Ethical Committee on Research Animal Care from
the First Affiliated Hospital, Medical College of Shantou
University.
Isolation and cultivation of DP cells
Intact dermal papillae were obtained from human
scalp follicles as previously described.17 Briefly, scis-
sor the connective tissue till the hair-bulb regions were
disclosed. Then cut continuously into a mash. Mixed
with collagenase I (2 mg/ml, Gibco, USA) and incu-
bated at 37°C for 2-3 hours. Next, the mixture was
suckedandblew tillmost of the dermal papillaeemerged
freely. The dermal papillae were picked up using a pi-
pette gun under the binocular dissecting microscope.
Dermal papillae were cultured in Dulbecco’s modified
Eagle’s medium (Gibco, USA) at 37°C in a humidified
atmosphere containing 5% CO2.
Optimization of the droplet generator parameters
The cultured DP cells were microencapsulated us-
ingaspecially designedhigh-voltageelectric fielddroplet
generator. The generator consisted of a high-voltage
generator with 0-50 kV output voltage, a syringe pump
(pump speed 1-99 mm/h), an injector and churn-dasher.
In order to keep the diameters of the DP cell
microcapsules in the range of 0.2-0.4 mm, the voltage,
the distance between the needle head and the solution
surface and the injection speed were varied.
Microencapsulation
The technique was modified from Sun’s method.18
Briefly, the cultured DP cells (5×105 cells/ml) were sus-
pended in a mixture of 2% (w/v) sodium alginate. Then
the spherical droplets were formed by the high-voltage
electric droplets generator with the optimized opera-
tion parameters. Then droplets were suspended in 1%
(w/v) poly-L-lysine (MW 15000-22000, Sigma, USA) for
10 minutes, in 0.2%(w/v) sodium alginate for 4 minutes.
The droplets reacted in 0.05 mol/L sodium citrate for 6
minutes to liquefy the interior gel of capsules.
Assay for the hair follicle-inductive activity of DP
cell microcapsulations
Three days before each operation, the culture me-
dium was removed and replaced with DMEM. The ani-
mals were anesthetized with ketamine and the implan-
tation sites were cleansed with 75% ethanol and then
0.9% saline (n=20). The rat ear was separated into 16
portions(Fig.1). DP microcapsules were injected
(indicated by the red arrow). In each ear designated for
operational use, 1 ml of air was injected subcutane-
ously to isolate the epidermis and a 2-mm incision was
made with the tip of scalpel blade. Then 0.1 ml
(approximately 100 microcapsules) of DP cell
microcapsules were implanted into each incision using
a 16# injection needle, which prevented the fragmenta-
tion of microcapsules. Finally, the incision was closed
withbiologic glue. Empty microcapsuleswere implanted
in another ear as control group. One experimental ani-
mal was killed every week at the postoperative 2-12
weeks and the implantation sites were biopsied for his-
tological observation.
Histology
Thespecimenswere fixedby 4%paraformaldehyde,
dehydrated by graded alcohols, cleared in xylene, and
embeddedinparaffinwax, thenstainedwithhematoxylin-
eosin (HE) for routine histological examination.
RESULTS
Parameter optimization of droplet generator
To verify the effect of voltage on the microcapsule
diameters, the distance was maintained at 10 mm and
the injection speed at 55 mm/h. When the voltage was
changed from 4.0 kV to 7.0 kV, the diameter decreased
from more than 1.2 mm to 0.4 mm. There were no sig-
nificant changes in diameter when the voltage was in-
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creased from 7.0 kV to 9.0 kV (Fig.2). At the higher
voltage, short circuits occurred, which were also ob-
served when the distance was less than 10 mm. We
concluded that the higher voltage or short circuit would
influence cell activity. Therefore, 7.0 kV was a reason-
able voltage for the experiments.
Next, the distance and injection speed were tested
at the voltage of 7.0 kV. When the distance was main-
tained at 10 mm and the injection speed decreased
from 55 mm/h to 40 mm/h, the average microcapsule
diameter remained in the rangeof 0.3-0.4mm. However,
at injection speeds greater than 55 mm/h or distances
over 10 mm, the diameter was increased.
From these experiments, the optimal combination
of parameters to obtain 0.4 mm DP cell microcapsules
was as follows: voltage 7.0 kV, injection speed 55 mm/h,
and distance 10 mm. Since the normal diameter of the
human hair follicle DP was 0.2-0.4 mm, it was clear
that the ideal diameter for a “reconstructed DP” was
approximately 0.4 mm.
Morphological study of DP cell microcapsulations
After being embedded in APA microcapsulations,
DP cells were isolated or aggregated in small clusters
(Fig.3.A). After 12 hours in culture, multi-layered ag-
gregates could be found. The DP cell microcapsulations
were found in a group of round, smooth and transparent
microcapsules under the phase-contrast microscope.
The average diameter was 0.4 mm. MTT assay con-
firmed that the initial density of active microencapsu-
lated DP cells was slightly lower than that of the con-
trol group (untreated DP cells), but increased gradually.19
Histology of DP cell microcapsulations, at the first
week of culture in vitro, revealed that DP cells were sus-
pended in the alginate of microcapsulations.After that, the
DP cells aggregated gradually in the microcapsulations.
As the DP cells aggregates, the extracellular matrix
stained with Alcian blue was secreted around the cells,
which indicated continuing production of unusual
amounts of glycosaminoglycan, a feature of their con-
dition in situ during anagen.20 This unusual extracellu-
lar matrix was another feature of cultured DP cells, which
proved the long established reports of distinctive pa-
pilla extracellular matrix in vivo.14 A surprising finding
was that around the cluster of DP cells, a membrane-
like-structure was formed at the 4th week of culture.
Although the inner part was evenly acidophilic extra-
cellular with HE staining, the membrane was strongly
basophilic. The cluster of DP cells and the basophilic
membrane looked as a “DP-like-structure” (Fig.3.B).
Functional study of DP cell microcapsulations
Within 3-12 weeks postoperatively, large and ab-
normal hair follicle structures were found in 18 of the 20
rat ears implanted with DP cell microcapsules. Histo-
logical examination of these specimens showed that a
number of large hair follicles and sebaceous gland were
formed. All these new large hair follicles displayed the
basic morphological features of human hair follicles and
were surrounded by typical sebaceous gland (Fig.4.A,B).
Theprocesswas similar with that of Oliver4, whichshowed
that the implantation of DP were capable of inducing fol-
licle formation. The most interesting finding was that
the total number of regenerated follicles was much
greater than the number of injected dermal papilla cell
microcapsules. The scrutiny of implanted sites at post-
operative 6 weeks revealed theemergence of hair fibres,
which were distinguishable from the small local hairs by
their density and much longer size (Fig.5.A,B). After 6-
12 weeks, 18 of 20 DP cell microcapsules implanta-
tions had produced high-density hair. In the control
group, there were no significant changes in the implan-
tation site. There was no evidence of an accumulation
of inflammatory cells at these sites.
DISCUSSION
Based upon this study, it was found that, for the
first time, the “reconstructed DP” had been created by
enclosing DP cells with a semipermeable membrane
of APA. It appeared that both of them possessed al-
most the same morphological characteristics, includ-
ing the same parietal thickness and permeability. This
finding demonstrated that the microencapsulated DP
cells were in good condition.
To determine whether the “reconstructed DP” re-
tained the dermal influence on the follicle regeneration,
DP cell microcapsulations were implanted into rat ears.
According to our findings, the epithelial-mesenchymal
interaction was initiated by the “reconstructed DP”.
Therefore, these data support the hypothesis that the
DP cell microcapsulations maintain the capacity for
inducing the follicle regeneration and can be consid-
ered as a substitute for fresh isolated DP.
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The mechanism of this kind of follicle regeneration
induced by the “reconstructed DP” could be explained
as follows. Firstly, viable DP cells are completely en-
closed withan semipermeablemembraneofAPA, which
is permeable to small molecules such as glucose or
mitogenic factors secreted by DP cells, but totally im-
permeable to large molecules such as immunoglobu-
lins or albumin.21-23 Secondly, the microencapsulated
DP cells grow in a small three-dimensional system,
which is essential for maintaining aggregative pattern
and cellular properties in culture. A third possibility is
that the “reconstructed DP” release some signals which
is indispensable for initiating the epithelial-mesenchy-
mal interaction.
In our study, few “reconstructed DP” were found in
the structure of new follicles. The evidences were as
follows: firstly, thephenomenon that “reconstructed DP”
was located in the center of new follicle could be found
only in the implanted site. Secondly, new follicles with-
out the “reconstructed DP” were found around the re-
gion in which the DP cell microcapsulations were
implanted. Thirdly, the total number of new follicles was
much larger than that of implanted “reconstructed DP”.
These findings provide further evidences to support the
hypothesis that the initial signals from the “recon-
structed DP” might be responsible for the regeneration
of hair follicles.
Fig. 2. The relation between droplet generator parameter and the
diameter of microcapsulations. The voltage was changed from 4.0
kV to 7.0 kV, and the diameter of microcapsulations was short-
ened from more than 1.2 mm to 0.4 mm, respectively. However,
there was no signif icant change when the voltage increased
from 7.0 kV to 9.0 kV (P<0.05).
Fig. 1. The rat ear was separated into 16 portions. The red rim
was an area of hairless. DP microcapsules were injected from
the red arrow.
Fig. 3. Morphological study of DP cell microencapsulations. After
being embedded in APA microcapsules, DP cells were isolated or
aggregated in small clusters. Typan blue stained cell viability assay-
ing showed that the cells were still viable (A). At the 4th week of
culture, a membrane-like-structure was formed around the clus-
ter of DP cells (arrow, B).
Fig. 4. Three weeks after DP microcapsule implantation into rat
ear, histological examination showed that the regenerated fol-
licles (A) were much larger than normal rat ear follicle (B, HE×100).
Fig. 5. White (unpigmented), thick and regular-sized hair fiber
was visible in the implant site following 6 weeks of transplantation
(A). In the control series, there were no significant changes in the
implantation site (B).
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The animal model reported here provided a practi-
cal method to study the molecular mechanism by which
the follicle regeneration was initiated and the dermal
influence on the follicle regeneration could be evalu-
ated quantitatively. Because the co-culture model of
human DP cells and keratinocytes had been estab-
lished to study the pathomechanism of androgenetic
alopecia, the encapsulation technique developed in this
study could be used in co-culture of DP cells and epi-
thelial cells, which may facilitate the research greatly.
Moreover, this mini-organ engineering, even trans-
species, might be used in the treatment of hair loss.
Earlier studies have showed that the size and shape
of microcapsules can influence the sensitivity of secre-
tion insulin, and the small microencapsulated islets with
diameter of 0.4-0.6 mm rapidly respond to the challenge
of glucose, whereas the big microcapsules with diam-
eter of 0.7-0.8 mm respond slowly to the challenge of
glucose.24-29 Since the normal diameter of human hair
follicle DP is 0.2-0.4 mm,30-31 the ideal diameter of “re-
constructed DP” is approximately 0.4 mm. In this case,
the “reconstructed DP” with good uniformity, spherical
shape and smooth surface could be generated.
In conclusion, the “reconstructed DP” prepared by
enclosing DP cells with a semipermeable membrane
of APA can retain the dermal influence on follicle
regeneration.
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